Abstract
Introduction
during above-average wet years.
23
The objective of this study is to investigate the spatial and temporal variability of percolation,
24
and hence groundwater recharge rates, for an Eastern Mediterranean carbonate aquifer. We
25
use continuously recorded soil moisture data to calibrate one-dimensional water flow models
26
(Hydrus-1D) with the Shuffled Complex Evolution Metropolis (SCEM) algorithm. The 27 calibrated models are then used to assess spatial and temporal patterns of soil water 28 percolation in a Mediterranean karst area, which is characterized by strong climatic gradients 29 and variable soil depths.
Hydrometeorological measurements 1
To capture the spatial variation of rainfall along the strong climatic gradient, we installed a 2 rain gauge network consisting of 14 tipping buckets (RG3-M) connected to a HOBO pendant 3 event data logger (Onset Computer Corporation) ( Figure 1 ). All gauges were calibrated before 4 employment, maintained, and cleaned twice a year before and after the rainfall season.
5
Temperature was measured at four climatic stations (Thies GmbH and Onset Computer 6 Corporation). Additional rainfall and climatic data was obtained from the Israel Meteorological Service database (http://www.data.gov.il/ims) for long-term analysies.
8
Additionally, groundwater levels and temperatures were recorded in a nearby well Diver, Eijkelkamp). 
Soil moisture measurements

11
Seven soil moisture plots were installed, each equipped with four capacitance soil moisture 12 sensors (5TM/5TE, Decagon Devices Inc.). We paid attention that the plots did not receive only three locations (SM1-SM3). Characteristics of the plots are summarized in Table 1 .
25
The dielectric permittivity of water changes with temperature (e.g. Wraith and Or, 1999) .
26
Hence, measurement techniques of soil moisture based on the difference of dielectric 27 permittivity between water and soil matrix are affected by this phenomenon. In our case, soil 28 temperature was highly variable and changed by up to 20 °C within 24 hours due to a strong 29 radiation input and partly uncovered soil. We corrected our soil moisture data applying 30 multiple linear regressions against soil temperature as described by Cobos and Campell 31 (2007) . 
Modelling of the soil zone
33
Water balance at the plot scale in absence of surface runoff can be described with:
34
( 1) where ds/dt is the storage change over time, P is the precipitation, L is the percolation at the 1 profile bottom and E a is the evapotranspiration petr time interval. E a is composed of the terms 2 E i (evaporation of intercepted precipitation), E s (soil evaporation) and E t (plant transpiration).
3
For our three soil moisture plots, soil water content and water fluxes were simulated on a 4 daily basis with Hydrus-1D (version 4.16; Šimůnek et al., 2013) for a period of 32 months.
5
Hydrus-1D solves the Richards equation numerically for water transport in variable saturated 6 media. Matric potential dependent water retention and hydraulic conductivity were calculated 7 using the Mualem/van-Genuchten soil hydraulic model (van Genuchten, 1980 was calculated by the Hargreaves-equation (Hargreaves and Samani, 1985) . Originally
13
developed for a lysimeter station in California, this method adequately reproduced potential 14 evapotranspiration under semi-arid climates (Jensen et al., 1997; Weiß and Menzel, 2008) .
15
Potential evapotranspiration was split into potential evaporation from the soil surface and (Feddes et al., 1978) applying plant parameters for grass and an energy balance surface 19 evaporation model (Camillo and Gurney, 1986 sets used for further assessment of the plot scale soil water balance, are given in Table 3 , and 31 their distributions are illustrated in Figure 5 . All models were generally able to reproduce the 32 observed temporal soil moisture patterns with KGE values between 0.82 and 0.94 ( Figure 6 ).
33
However, differences in predictive capacities at distinct water content levels could be 34 observed, which vary between the single plots ( Figure 6 and Figure 7 ). In general, the model tended to overestimate water contents close to saturated conditions except for deeper sections 1 at plot SM-1 where an underestimation of simulated water contents was observed.
2
Parameter uncertainty was assessed by simulation of water contents using parameter sets (Table 4) . 
Soil moisture dynamics
22
The observed seasonal dynamics of soil moisture, dominated by short wetting phases during 23 and a rapid decrease after the rainfall season, were comparable with those reported in other 24 studies in the Mediterranean region (Cantón et al., 2010; Ruiz-Sinoga et al., 2011) . At all soil 25 moisture plots, our soil moisture data suggested fast infiltration into deeper sections of the soil 26 profile during rainfall events with high intensities and amounts (e.g. plot SM-1 in Figure 4b ).
27
The time lag between the reaction of the uppermost and the lowermost probe was often less 28 than two hours despite high clay contents of the soils. These fast reactions might be an at the plots that gave no indication of significant bypass flow as reported by e.g. Booltink and conducted in the vicinity of our plots supported these findings (Sohrt et al., 2014) . These soil (Cousin et al., 2003) .
6
A noticeable difference between the plots was observed during rainfall events of high 7 magnitude. At SM-1 (Figure 4b ), the bottom probe suggested soil saturation for periods showed saturation only during the largest rainfall events and for a much shorter duration.
11
Volumetric soil moisture at 10 cm always remained below 30%. We observed a similar 12 behaviour at SM-3 but not at SM-2. We hypothesize that these phases of saturation were 13 caused by impounded percolation water due to limited conductivity of the soil-bedrock 14 interface. Differences between our plots could be attributed to differences in the permeability 15 of the underlying strata. These are Cenomanian dolomite (SM-1 and SM-3) and Turonian 16 limestone (SM-2). While both formations are known to have high permeability (Keshet and 17 Mimran, 1993), we observed Nari Crust (Dan, 1977) in the vicinity of SM-1, which may have 
Simulation of the plot scale water balance
22
The cumulative distribution functions of the parameters suggested rather narrow ranges and on a unimodal pore-size distribution may not be able to represent the heterogeneous pore 27 structure of our clay-rich soil (Durner, 1994) . Moreover, persistent saturated conditions 28 during major rainstorms as discussed in the previous section could not be simulated, as a 29 percolation impounding soil-rock interface was not implemented in the model and a free 30 drainage had to be assumed.
31
Simulated mean evapotranspiration at our plots over the three -years simulation period scale is subject to current research. During heavy storm events, overland flow generation 24 cannot be excluded (Lange et al., 2003) , but surface runoff typically accounts for only a few 25 percent of annual rainfall (Gunkel and Lange, 2012 
Spatial and temporal extrapolation of deep percolation
32
Water balance modelling for variable soil depths and rainfall gradients revealed considerable 
Implications for recharge in Mediterranean karst areas
28
The steep climatic gradient, the hydraulic properties and characteristics of the carbonate 29 rocks, the heterogeneous soil cover and athe high temporal variability of precipitation on 30 event and seasonal scales are dominating hydrological characteristics in our study area. Samuels et al., 2011; Reiser and Kutiel, 2012) . How about using high rainfall-
Lionello
22
depth events rather than high-intensity events?
23
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